SUMMARY
Precise control of gene expression plays fundamental roles in brain development, but the roles of chromatin regulators in neuronal connectivity have remained poorly understood. We report that depletion of the NuRD complex by in vivo RNAi and conditional knockout of the core NuRD subunit Chd4 profoundly impairs the establishment of granule neuron parallel fiber/Purkinje cell synapses in the rodent cerebellar cortex in vivo. By interfacing genome-wide sequencing of transcripts and ChIPseq analyses, we uncover a network of repressed genes and distinct histone modifications at target gene promoters that are developmentally regulated by the NuRD complex in the cerebellum in vivo. Finally, in a targeted in vivo RNAi screen of NuRD target genes, we identify a program of NuRDrepressed genes that operate as critical regulators of presynaptic differentiation in the cerebellar cortex. Our findings define NuRD-dependent promoter decommissioning as a developmentally regulated programming mechanism that drives synaptic connectivity in the mammalian brain.
INTRODUCTION
Control of gene expression plays fundamental roles in brain development and disease. Besides DNA sequence-specific transcription factors, global regulators of chromatin robustly influence transcription at the genome level and are prime candidates for triggering long-lasting cell-intrinsic changes in neuronal connectivity during critical stages of brain development. However, the functions of chromatin regulators in neuronal connectivity in the developing brain have remained poorly understood.
Synapse differentiation is an essential step in the assembly of neuronal circuits during brain development. Accordingly, defects in synapse differentiation are thought to play a critical role in developmental disorders of cognition (Abrahams and Geschwind, 2008; Ebert and Greenberg, 2013; Kelleher and Bear, 2008; Sü dhof, 2008; Zoghbi, 2003) . Recent advances in human genetics reveal that among global regulators of chromatin, ATP-dependent chromatin remodeling enzymes including the Chd and SWI/SNF families of ATPases are critical targets of mutations in autisms and intellectual disability (Neale et al., 2012; O'Roak et al., 2012a; Ronan et al., 2013; Talkowski et al., 2012) , raising the fundamental question of whether these global chromatin regulators orchestrate synaptogenesis during brain development.
Among ATP-dependent chromatin remodeling enzymes, the nucleosome remodeling and deacetylation (NuRD) complex controls the programming of cell states during development including the differentiation of embryonic stem (ES) cells and progenitor cells (Hong et al., 2005; Kaji et al., 2006; Reynolds et al., 2012; Yoshida et al., 2008; Zhang et al., 2012) . Notably, inhibition of the NuRD complex removes a rate-limiting barrier in somatic cells for their reprogramming into induced pluripotent (iPS) cells (Rais et al., 2013) . However, the role of the NuRD complex in programming cellular states in postmitotic tissues, including the brain, has remained poorly understood.
In this study, we report that the NuRD chromatin remodeling complex programs the differentiation of presynaptic sites in the mammalian brain. Depletion of the NuRD complex by in vivo RNAi and conditional knockout strategies profoundly impairs the differentiation of presynaptic sites in the rodent cerebellar cortex in vivo. By interfacing genome-wide sequencing of transcripts (RNA-seq) and chromatin immunoprecipitation sequencing (ChIP-seq) analyses, we uncover a network of repressed genes and decommissioned promoters that are developmentally orchestrated by the NuRD complex in the cerebellum in vivo. Finally, in a targeted in vivo RNAi screen of NuRD target genes, we identify a program of NuRD-repressed genes that operate as critical regulators of presynaptic differentiation in the cerebellar cortex. Our findings define NuRD-dependent promoter decommissioning and transcriptional repression as a fundamental developmentally regulated programming mechanism that drives synaptic connectivity in the mammalian brain.
RESULTS

The NuRD Complex Is Expressed in the Developing Cerebellar Cortex
To characterize the role of the NuRD chromatin remodeling complex in brain, we first purified the endogenous NuRD complex from rat cerebella. Immunoprecipitation of the core NuRD complex protein, the metastasis-associated proteins Mta1/2, in nuclear lysates of cerebella followed by mass spectrometry analyses led to the identification of the ATPase Chd4, Mta1/2, the zinc finger domain containing protein Gatad2a/b, the histone deacetylase Hdac1/2, the histone-binding protein RbAp46/48, and the methyl CpG-binding domain protein Mbd3 (Figures 1A and 1B; Denslow and Wade, 2007; Xue et al., 1998; Zhang et al., 1998) . In coimmunoprecipitation analyses, we confirmed that endogenous Mta1/2 forms a complex with Chd4, Hdac1/2, RbAp48, and Mbd3 in the rat cerebellum ( Figure 1C ). These results show that an intact NuRD complex is expressed in the rodent cerebellum.
We next characterized the expression profile of the NuRD complex in the mouse cerebellar cortex. Immunohistochemical analyses revealed abundant Chd4 and Hdac1 expression in the internal granule layer, where granule neurons reside (Figures S1A and S1B available online). The subunits of the NuRD complex, including Chd4, RbAp48, Mbd3, Hdac1, and Mta1/2, were all highly expressed in the cerebellum throughout the second and third postnatal weeks in mice ( Figure S1C ), when granule neurons form synapses and integrate into cerebellar circuits (Altman and Bayer, 1997) . These results suggest that the NuRD complex may have roles in neuronal connectivity in the developing cerebellar cortex.
The NuRD Complex Drives Granule Neuron Presynaptic Differentiation In Vivo
To determine the functions of the NuRD complex in synapse differentiation in the cerebellar cortex, we first used an in vivo electroporation approach to characterize the morphogenesis of granule neurons in the postnatal rodent brain (Figures 1D and 1E; Konishi et al., 2004; Shalizi et al., 2006; Yang et al., 2009) . We electroporated postnatal day 4 (P4) rat pups with the GFP expression plasmid, and sacrificed the animals 8 days later at P12. In immunohistochemical analyses of the cerebellar cortex using the GFP antibody, we visualized granule neuron somas and their dendrites and parallel fiber axons in the internal granule layer and molecular layer, respectively ( Figure 1D ). Along granule neuron parallel fiber axons, boutons were observed that harbored the presynaptic proteins synapsin and bassoon (Figure 1E) . The presynaptic boutons were apposed to the postsynaptic protein PSD95 ( Figure 1E ). These data suggest that parallel fiber axon boutons represent presynaptic sites in vivo.
We next assessed the function of the NuRD complex in the cerebellum by depleting components of the NuRD complex in vivo using two distinct genetic approaches. Knockdown of the NuRD complex subunit Chd4, RbAp48, Hdac1, or Gatad2a/b by RNA interference (RNAi) in postnatal rat pups profoundly reduced the density of presynaptic parallel fiber boutons in the cerebellar cortex in vivo ( Figures 1F-1H and S1D-S1I). We also induced conditional knockout of the core NuRD subunit Chd4 in granule neurons in the mouse cerebellar cortex in vivo. Knockout of Chd4, achieved by delivery of the recombinase Cre in Chd4 loxP/loxP mice by electroporation, substantially reduced the density of granule neuron presynaptic boutons in the cerebellar cortex in vivo, phenocopying the effects of knockdown of Chd4, RbAp48, Hdac1, or Gatad2a/b in the rat cerebellar cortex in vivo ( Figure 1I ). Together, these results suggest that the NuRD complex plays an essential cellautonomous role in presynaptic differentiation in the mammalian cerebellar cortex in vivo. Granule neuron parallel fiber boutons synapse onto dendritic spines of Purkinje neurons in the cerebellar cortex (Altman and Bayer, 1997; Palay and Chan-Palay, 1974 Figure 2A) . Notably, depletion of Chd4 had little or no effect on the size of boutons or the number of presynaptic vesicles ( Figures S2C and S2D ). Taken together, these results suggest that the NuRD complex promotes synaptogenesis in the cerebellar cortex in vivo.
The NuRD Complex Promotes Granule Neuron to Purkinje Cell Neurotransmission in the Cerebellar Cortex The requirement for the NuRD complex in synaptogenesis in the cerebellar cortex led to the prediction that synaptic transmission at parallel fiber/Purkinje cell synapses might be impaired in Chd4 conditional knockout mice. Consistent with this prediction, electrophysiological analyses in acute cerebellar slices revealed that evoked excitatory postsynaptic currents (EPSCs) at parallel fiber/Purkinje cell synapses were substantially reduced in Chd4 conditional knockout mice compared to littermate Chd4 heterozygous mice or Chd4 loxP/loxP mice ( Figure 2B ). There was little or no difference in the amplitude of the presynaptic volley in mice with the different Chd4 genotypes ( Figure 2C ), suggesting that the impairment of evoked EPSCs in conditional Chd4 knockout mice is not secondary to changes in axon excitability and instead reflects synaptic dysfunction. (A and B) The NuRD complex was affinity purified from nuclear lysates of rat cerebella using the Mta1/2 antibody, followed by silver staining (A) and mass spectrometry analyses (B). The spectral counts for each protein in mass spectrometry analyses are shown. The subunits of the NuRD complex are highlighted in yellow.
(C) Lysates of rat cerebella were subjected to immunoprecipitation with the Mta1/2 antibody followed by immunoblotting with the Mta1/2, Chd4, Hdac1/2, RbAp48, or Mbd3 antibody. Core subunits of the NuRD complex assemble in the cerebellum. (D) P4 rat pups were electroporated with the GFP expression plasmid and killed 8 days later. Cerebella were removed, sectioned, and subjected to immunohistochemistry using the GFP antibody. A representative image of a granule neuron is shown. The soma resides in the internal granule layer (IGL) and the parallel fiber axon spans the molecular layer (ML). Arrowheads denote presynaptic boutons along the parallel fiber.
(legend continued on next page)
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The NuRD Complex Programs Synapse Differentiation
Because the NuRD complex promotes synaptogenesis, we assessed if the neurotransmission defects in Chd4 conditional knockout mice might be secondary to changes in synapse number. The frequency of miniature EPSCs (mEPSCs) in Purkinje cells was reduced in acute cerebellar slices from Chd4 conditional knockout mice compared to control Chd4 loxP/loxP mice ( Figure 2D ), consistent with the conclusion that synapse number is reduced in Chd4 conditional knockout animals. The amplitude of mEPSCs was modestly reduced in Chd4 conditional knockout mice. Collectively, our data suggest that the NuRD complex programs the structural and functional maturation of synapses in the cerebellar cortex.
The NuRD Complex Decommissions Promoters and thereby Represses a Network of Genes in the Developing Cerebellum In Vivo We next determined the mechanisms by which the NuRD complex coordinates synapse differentiation. Because the NuRD complex is a chromatin regulatory enzyme (Xue et al., 1998; Zhang et al., 1998) , we reasoned that depletion of Chd4 might alter the expression of a large set of genes in neurons.
We therefore assessed the effect of Chd4 knockout on the transcriptome in the cerebellum in vivo. We analyzed RNA from cerebella of Chd4 conditional knockout and control Chd4 loxP/loxP mice at P22, when synapse development and function are impaired in Chd4 knockout animals. The RNAseq analyses led to the identification of significant alterations in the expression of 199 genes in the cerebellum of Chd4 conditional knockout mice as compared to control Chd4 loxP/loxP mice ( Figure 3A and Table S1 ). Remarkably, 93% of the significantly altered genes in Chd4 conditional knockout cerebella were upregulated, suggesting that Chd4 operates primarily as a transcriptional repressor in granule neurons of the developing cerebellum ( Figure 3A and Table S1 ). Independent microarray analyses of RNA revealed that 94% of the differentially expressed genes in the cerebellum of Chd4 conditional knockout mice as compared to control Chd4 loxP/loxP mice were upregulated ( Figure S3A ). We validated putative Chd4 target genes with quantitative RT-PCR (qRT-PCR) analyses, and found good agreement between RNA-seq and qRT-PCR analyses ( Figure 3B ). In other qRT-PCR analyses, knockdown of Chd4, Hdac1, and Gatad2a/b in primary granule neurons led to upregulation of the distinct target genes Nhlh1, Elavl2, Scn3b, and Necab1 (Figure S3B ). These results suggest that the NuRD complex functions primarily as a transcriptional repressor in neurons and thereby specifically inhibits the expression of a set of genes in granule neurons in the cerebellar cortex.
The acetylation of lysine residues on histone tails including histone H3 lysine 9 (H3K9), H3K14, and H3K27 at the promoters of genes tightly correlates with active transcription (Kouzarides, 2007; Li et al., 2007; Shahbazian and Grunstein, 2007; Wang et al., 2008 Wang et al., , 2009b . Because the NuRD complex acts primarily as a transcriptional repressor in granule neurons, we asked whether the NuRD complex might regulate these histone modifications at the promoters of actively transcribed genes in postmitotic neurons. We performed chromatin immunoprecipitation followed by massive parallel sequencing (ChIP-seq) analyses using the histone H3 acetylated-K9/14 or acetylated-K27 antibody in the cerebellum of Chd4 conditional knockout mice and control Chd4 loxP/loxP mice ( Figures 3C, 3D , S3C, and S3D). Interestingly, depletion of Chd4 in granule neurons of the cerebellum in Chd4 conditional knockout mice had little or no effect on enrichment of H3K9/14 or H3K27 acetylation at the promoters of expressed genes on a global scale ( Figure 3C ). Strikingly, however, intersection of RNA-seq and ChIP-seq analyses revealed that the acetylation of H3K9/14 and H3K27 was substantially enhanced in the cerebellum of Chd4 conditional knockout mice selectively on the promoters of the set of genes repressed by the NuRD complex ( Figures  3C, 3D , S3C, and S3D). In control analyses, there was little or no change in the occupancy of total histone H3 and H4 at the promoters of NuRD-repressed target genes in Chd4 conditional knockout mice compared to control Chd4 loxP/loxP mice ( Figure S3C ). These data suggest that the NuRD complex triggers the deacetylation of histone H3 lysine residues at the promoters of a specific set of genes in postmitotic neurons in the mammalian brain. In addition to the acetylation of histone H3 K9/14 and K27, the trimethylation of histone H3K4 is also associated with transcriptional activation (Heintzman et al., 2007; Kouzarides, 2007; Li et al., 2007; Wang et al., 2008) . We found that trimethylation of H3K4 was stimulated on the promoters of NuRD target genes in the cerebellum in Chd4 conditional knockout mice compared to control Chd4 loxP/loxP mice ( Figures 3C, 3D , S3C, and S3D). In contrast, H3K4 trimethylation failed to increase at expressed gene promoters globally in the cerebellum of Chd4 conditional knockout mice ( Figure 3C ). Thus, in addition to inducing the deacetylation of histone H3K9/14 and K27, the NuRD complex triggers the demethylation of histone H3K4 at a distinct set of gene promoters in neurons. Taken together, our data suggest that the NuRD complex decommissions the promoters of a (E) Cerebellar sections prepared as in (D) were immunolabeled with the GFP antibody together with the synapsin, bassoon, or PSD95 antibody. Synapsin and bassoon colocalize in presynaptic boutons in transfected granule neuron axons (arrowheads), and PSD95 puncta were adjacent to the presynaptic boutons (double arrowheads), indicating that presynaptic boutons represent sites of presynaptic axonal differentiation.
(F) P4 rat pups were electroporated with the U6/chd4.1, U6/rbap48, U6/hdac1, or control U6 RNAi plasmid together with pCAG-GFP plasmid and analyzed as in (D). Left: Representative images of Chd4 knockdown, RbAp48 knockdown, Hdac1 knockdown, and control neurons are shown. Right: Knockdown of Chd4, RbAp48, Hdac1 reduced the density of presynaptic boutons in transfected neurons (p < 0.005, ANOVA followed by Fisher's PLSD post hoc test, n = 3). Scale bars represent 10 mm.
(G and H) P4 rat pups were electroporated with the U6/gatad2a, U6/gatad2b, U6/chd4.2, U6/chd4.3, or control U6 RNAi plasmid together with pCAG-GFP plasmid and analyzed as in (D). Knockdown of Gatad2a/b (G) or Chd4 using two additional shRNAs targeting distinct regions (H) reduced the density of presynaptic boutons (p < 0.005, ANOVA followed by Fisher's PLSD post hoc test, n = 3).
(I) P6 Chd4 loxP/loxP mice were electroporated with the Cre expression plasmid or the control vector together with the GFP expression plasmid and analyzed as in (D). Cre-induced knockout of Chd4 in granule neurons reduced presynaptic bouton density (p < 0.005, t test, n = 4).
The NuRD Complex Programs Synapse Differentiation specific set of genes by turning off histone modifications associated with transcriptional activation at these genes and thereby triggers their repression in postmitotic neurons in the mammalian brain in vivo.
The NuRD Complex Represses Developmentally Downregulated Genes in the Developing Cerebellar Cortex In Vivo Temporal regulation of gene expression is necessary for the proper differentiation of neurons (de la Torre-Ubieta and Bonni, 2011; Ronan et al., 2013) . Presynaptic differentiation at parallel fiber/Purkinje cell synapses in the rodent cerebellar cortex occurs during the first postnatal month (Altman and Bayer, 1997) , and synapse number increased progressively during this developmental period in vivo ( Figure S4A ). Because the NuRD complex programs synapse development, we reasoned that repression of NuRD target genes upon neuronal maturation might facilitate synaptogenesis. To test this model, we first characterized the developmental expression profile of a panel of 24 NuRD-regulated genes, comprised of the robustly derepressed genes in Chd4 knockout mice as well as genes implicated in synapse differentiation and function ( Figure 3B ). In qRT-PCR analyses, among this panel of NuRD target genes, more than half were progressively downregulated during the second or third week of postnatal development (Figures 4A and S4B) . We next determined the role of chromatin regulatory mechanisms in orchestrating the temporal expression profile of 
The NuRD Complex Programs Synapse Differentiation NuRD-regulated genes in the developing cerebellum. Remarkably, the majority of the NuRD-repressed and developmentally downregulated genes also had reduced H3K9/14 acetylation at their promoters at P22 compared to P6 (Figures 4A and 4B) . In contrast, NuRD-regulated genes whose expression was not robustly downregulated during development had similar or higher levels of H3K9/14 acetylation at their promoters at P22 as compared to P6 (Figures S4B and S4C) . In other experiments, H3K4 trimethylation was also reduced at the promoters of NuRD-repressed and developmentally downregulated genes at P22 compared to P6 (Figures S4D and S4E ). These data suggest that promoter decommissioning and transcriptional repression of a substantial subset of NuRD target genes in postmitotic neurons occurs in a developmentally regulated fashion in the cerebellum in vivo. We next asked if the NuRD complex directly controls the developmental expression profile of NuRD-regulated genes. In ChIP followed by quantitative PCR (ChIP-qPCR) analyses, Chd4 occupied the promoters of distinct NuRD-regulated genes encoding the transcription factor Nhlh1, the RNA-binding protein Elavl2, and the voltage-sensitive sodium channel Scn3b in the mouse cerebellum at P14 ( Figure 4C ), a time when these genes are in transition or poised to move from an active to repressed transcription state. In other ChIP-qPCR analyses, we found that Chd4 occupies the promoters of another set of NuRD-regulated genes encoding Scn3b, the calcium-binding protein Cpne9, the cyclic nucleotide phosphodiesterase Pde1b, and the metallopeptidase inhibitor Timp2 in the cerebellum in control Chd4 loxP/loxP mice but not Chd4 knockout mice ( Figure S4F ).
Together, these data suggest that the NuRD complex directly binds NuRD-regulated and developmentally repressed target genes. We next determined whether the NuRD complex is required for promoter decommissioning of developmentally downregulated genes. In control Chd4 loxP/loxP mice, the acetylation of H3K9/14 and trimethylation of H3K4 were robustly reduced in the mouse cerebellum in vivo during development at the promoters of NuRD target genes, including the nhlh1 and elavl2 genes ( Figures 4B, 4D, S4D , and S4G). Strikingly, conditional knockout of Chd4 in granule neurons of the cerebellum blocked the downregulation of histone acetylation and methylation at the promoters of these NuRD target genes in vivo ( Figures 4D and  S4G ). Collectively, these data suggest that the NuRD complex plays a critical and direct role in promoter decommissioning of a subset of developmentally regulated genes in the brain.
In Vivo RNAi Screen of NuRD Target Genes Implicates Nhlh1, Elavl2, and Cplx3 in the Regulation of Presynaptic Differentiation in the Cerebellar Cortex The identification of a program of NuRD-repressed genes that are downregulated with neuronal maturation in the mammalian brain led us next to determine the role of these genes in presynaptic differentiation in vivo. To address this question, we performed an in vivo RNAi screen of NuRD target genes in the cerebellar cortex ( Figure 5A ). The criteria for selection of NuRD targets in the in vivo screen included genes that were robustly derepressed upon conditional knockout of Chd4 in granule neurons in the cerebellar cortex ( Figures 3A, 3B , and S3A), developmentally downregulated in the cerebellum ( Figure 4A ), or demonstrated to function in synapse development. Using these criteria, we identified 24 candidate NuRD target genes for further study and generated 64 shRNAs targeting these genes. In qRT-PCR analyses in primary granule neurons, the endogenous expression of 14 target genes was reduced over 50% by 17 shRNAs ( Figure 5B ). Because the NuRD complex drives the formation of presynaptic boutons and represses target gene expression, knockdown of physiologically relevant NuRDrepressed genes would be predicted to stimulate presynaptic differentiation. We found that knockdown of the transcription factor Nhlh1, the RNA binding protein Elavl2, and the presynaptic regulator Cplx3 increased the density of presynaptic boutons in granule neurons in vivo ( Figures 5C and 5D ). These results suggest that that the NuRD complex represses a program of genes with distinct cellular and biochemical functions to drive presynaptic differentiation in vivo. Collectively, our findings define a chromatin regulatory pathway that drives promoter decommissioning and hence repression of a program of genes in postmitotic neurons, culminating in synapse differentiation in the mammalian brain.
DISCUSSION
In this study, we discovered a chromatin regulatory pathway that programs synaptic connectivity in the mammalian brain. Depletion of the NuRD chromatin remodeling complex by in vivo RNAi in rats and conditional knockout in mice dramatically impairs the development of granule neuron parallel fiber/Purkinje cell synapses in the cerebellar cortex. We also elucidated the mechanism underlying the novel function of the NuRD complex in postmitotic neurons. The NuRD complex decommissions the promoters of nearly 200 genes by turning off histone modifications associated with transcriptional activation at these genes, thereby triggering their repression in the cerebellum in vivo. A targeted RNAi screen revealed that the NuRD complex represses a program of genes that operate as negative regulators of presynaptic differentiation in vivo. Collectively, our findings define NuRD-dependent promoter decommissioning as a developmentally regulated programming mechanism in postmitotic neurons that drives synaptic connectivity in the mammalian brain.
The identification of a function for the NuRD complex in synapse differentiation in the cerebellar cortex unveils a novel epigenetic role for regulators of chromatin in the establishment of neuronal connectivity in the brain. Our findings suggest that the NuRD complex triggers promoter decommissioning and transcriptional repression of a specific set of genes in postmitotic neurons. The expression of a subset of these genes is downregulated with neuronal maturation in the cerebellum in a NuRDdependent manner, suggesting that promoter decommissioning and transcriptional repression triggers the transition from an immature newly postmitotic state to a mature neuronal state, leading to the integration of neurons into circuits.
How does the NuRD complex orchestrate the differentiation of presynaptic sites in the mammalian cerebellar cortex? Our results in the targeted in vivo RNAi screen provide significant insights into this question. Among the three newly identified loxP/loxP mice and Chd4 conditional knockout mice and subjected to RNA-seq analyses. A heatmap of the expression levels of significantly differentially expressed genes between control Chd4 loxP/loxP and Chd4 conditional knockout cerebella is shown (false discovery rate < 0.05, three independent brains per condition, base2 log-transformed mean centered). The vast majority (93%) of differentially expressed genes identified by RNA-seq were derepressed in Chd4 conditional knockout cerebella.
(legend continued on next page)
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The NuRD Complex Programs Synapse Differentiation NuRD-repressed target genes that regulate presynaptic differentiation, Nhlh1 encodes a transcription factor (Uittenbogaard et al., 1999) , and Elavl2 encodes an RNA-binding protein that may control mRNA splicing and stability (Darnell, 2013) . Because Nhlh1 and Elavl2 regulate the expression of other genes, the NuRD complex may operate at the apex of a gene expression program that governs presynaptic development in the cerebellar cortex. The in vivo knockdown and conditional knockout studies suggest that the NuRD complex operates throughout the second and third weeks of postnatal rodent cerebellar development. These findings further strengthen the conclusion that the NuRD complex plays a pivotal role in presynaptic connectivity, perhaps regulating multiple stages of presynaptic development. The NuRD complex plays essential roles in programming cellular states during development including the differentiation of ES and progenitor cells (Fujita et al., 2004; Hong et al., 2005; Kaji et al., 2006; Whyte et al., 2012; Yoshida et al., 2008) , highlighting fundamental and conserved functions for transcriptional repression in fate specification of ES and progenitor cells and the maturation of postmitotic neurons in the brain. Notably, the NuRD complex imposes a rate-limiting barrier in somatic cells for their reprogramming into iPS cells (Rais et al., 2013) . Because iPS cells are widely used to model neurodevelopmental and neurodegenerative diseases in which synaptic impairment is a prominent pathological feature (Marchetto et al., 2010; Shcheglovitov et al., 2013) , our findings suggest that engineering the restoration of NuRD function in NuRD-deficient reprogrammed iPS cells would be necessary for the study of synaptic dysfunction in these cells.
Although the NuRD complex has been studied in ES cells and progenitors, prior to our study, the composition, roles, and mechanism of NuRD function in the brain remained unexplored. The core subunit Chd3 and Chd4 are thought to form distinct NuRD complexes (Ivanov et al., 2007; Schultz et al., 2001) . Notably, in our immunoprecipitation-mass spectrometry analyses, although Mta1/2 formed a complex with Chd4, an Mta1/ 2-Chd3 interaction was not detected in the cerebellum, suggesting that the NuRD complex contains Chd4 but not Chd3 in the cerebellar cortex.
Our knockout and in vivo RNAi studies suggest that both the chromatin remodeling enzyme encoded by Chd4 and the deacetylase activity encoded by Hdac1 within the NuRD complex are required for the differentiation of presynaptic sites in the cerebellar cortex. In addition to the increased histone H3 acetylation, H3K4 trimethylation at the promoters of NuRD target genes increases in the cerebellum in Chd4 conditional knockout mice. It will be important to determine whether the NuRD complex associates with histone demethylases in postmitotic neurons to trigger the coordinate demethylation of histone H3K4 at NuRD targets in the brain. Consistent with this possibility, the NuRD complex may interact with the histone demethylases LSD1 and JARID1b to induce the demethylation of histone H3K4 in ES and breast cancer cells (Li et al., 2011; Wang et al., 2009a; Whyte et al., 2012) . Another mutually nonexclusive mechanism that might underlie NuRD-regulation of histone H3K4 trimethylation is that the NuRD complex may inhibit the recruitment of a histone methyltransferase to the promoters of NuRD targets in neurons.
Although we have focused our study on the role and mechanisms of the NuRD complex in the establishment of synaptic connectivity in the brain, our findings have implications in the study of developmental disorders of neuronal connectivity. Notably, mutations of Chd4-related ATP-dependent chromatin remodeling enzymes have been implicated in syndromic and nonsyndromic autism spectrum disorders (Jiang et al., 2013; O'Roak et al., 2012a O'Roak et al., , 2012b Vissers et al., 2004) . However, the roles of these enzymes in neuronal connectivity in the brain have remained to be characterized. The elucidation of the function and mechanisms of the NuRD complex in synapse differentiation in this study provides a roadmap for the study of other Chd family chromatin remodeling complexes in neuronal connectivity in vivo, thus facilitating our understanding of neurodevelopmental disorders of cognition.
EXPERIMENTAL PROCEDURES Animals
Rodents were purchased or maintained under pathogen-free conditions. All animal experiments were done according to protocols approved by the Animal Studies Committee of Washington University School of Medicine and the Harvard Medical Area Standing Committee on Animals and in accordance with the National Institutes of Health guidelines. Chd4 loxP/loxP and GABA(A) a6-CRE mice have been described elsewhere (Fü nfschilling and Reichardt, 2002; Yoshida et al., 2008) . Chd4 knockout was confirmed with PCR analysis of genomic DNA and with qRT-PCR.
Antibodies
Antibodies to synapsin (Millipore), bassoon (Assay Designs), PSD95 (Neuromab), Flag (Sigma M2), Chd4 (Abcam ab72418), Hdac1 (Abcam ab7028), Hdac2 (Abcam ab51832), Mta1/2 (Santa Cruz Biotechnology, sc9447), RbAp48 (Abcam ab488), Mbd3 (Cell Signaling #3896), ERK1/2 (Cell Signaling), histone H3K9/14ac (Millipore 06-599), histone H3K27ac (Abcam ab4729), histone H3K4me3 (Abcam ab8580), total H3 (active motif #39163), total H4 (Millipore, 05-858), goat serum (Sigma), and rabbit IgG (Millipore) were purchased.
Purification of the NuRD Complex
Purification of the NuRD complex was performed using P8 rat cerebellar nuclear lysates. Cerebella were homogenized with hypotonic buffer (B) RNA from P22 control Chd4 loxP/loxP mice and Chd4 conditional knockout mice were subjected to qRT-PCR using primers specific to Chd4-regulated genes The abundance of H3K9/14ac, H3K27ac, and H3K4me3 marks was increased at the promoters of NuRD-repressed target genes in Chd4 conditional knockout mice compared to control Chd4 loxP/loxP mice. There were little or no differences in the genome-wide level of H3K9/14ac, H3K27ac, and H3K4me3 marks between Chd4 conditional knockout mice (Chd4 cKO) and control Chd4 loxP/loxP mice (Chd4 WT). The shading denotes SE.
(D) Representative genomic regions of NuRD-regulated target genes are shown. The abundance of H3K9/14ac, H3K27ac, and H3K4me3 histone marks was increased at the promoters of the NuRD targets cda, cpne6, and syde1, but not at the promoter of the control gene gapdh, in Chd4 conditional knockout mice.
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The NuRD Complex Programs Synapse Differentiation (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl 2 ) to remove the cytoplasmic fraction, and nuclear lysates were prepared with an extraction buffer (20 mM HEPES [pH 7.9], 20% glycerol, 250 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA). The Mta1/2 antibody coupled to protein G beads (GE Healthcare) using disuccinimidyl suberate (DSS; Pierce) according to the manufacturer's protocol was incubated overnight at 4 C with cerebellar nuclear lysate and washed extensively with wash buffer (20 mM HEPES [pH 7.9], 20% glycerol, 700 mM KCl, 0.2 mM EDTA, 0.5% NP-40; Zhang et al., 1997). The bound proteins were eluted with 0.2 M glycine (pH 2.6), neutralized with 1 M Tris-HCl (pH 8.0), concentrated by tricarboxylic acid precipitation, and analyzed with mass spectrometry. A portion of the eluate was analyzed with SDS-PAGE followed by silver staining (Invitrogen).
Immunoprecipitation
Rat cerebella were homogenized with lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton X-100, and proteinase inhibitor cocktail) 25 times and incubated on ice for 20 min. Lysates were incubated with the Mta1/2
Figure 4. The NuRD Complex Orchestrates Developmental Repression of a Program of Genes that Inhibit Presynaptic Differentiation In Vivo
(A) Total RNA of cerebella from rat pups at P6, P14, P22, P30, and during adulthood were subjected to qRT-PCR analyses using primers to a panel of NuRDregulated genes. Gene expression was normalized to Gapdh expression. The majority of NuRD-regulated genes were progressively downregulated during cerebellar development.
(B) Cerebella of P6 and P22 mice were subjected to ChIP-seq analyses as in Figure 3C using the H3K9/14ac antibody. The sum of normalized H3K9/14ac reads in a 1 kb window centered at the +500 position relative to the TSS of NuRD-repressed target genes is shown. The abundance of histone H3K9/14ac is reduced at the promoters of the majority of developmentally downregulated NuRD target genes at P22 compared to P6. Error bars represent SE of two biological ChIP-seq replicates.
(C) P14 mice cerebella were subjected to ChIP-qPCR analyses using the Chd4 antibody and primers specific to the promoters of elavl2, nhlh1, and scn3b and control regions. Chd4 is enriched at target gene promoters (p < 0.05, ANOVA followed by Fisher's PLSD post hoc test, n = 4). (D) Representative genomic regions of the nhlh1 and elavl2 genes in cerebella of control P6 and P22 Chd4 loxP/loxP mice (Chd4 WT) and P22 Chd4 conditional knockout mice (Chd4 cKO). The abundance of H3K9/14ac (top) and H3K4me3 (bottom) marks at the nhlh1 and elavl2 gene promoters was decreased at P22 (blue) relative to P6 (black) in the cerebellum in control Chd4 loxP/loxP mice. By contrast, the abundance of H3K9/14ac (top) and H3K4me3 (bottom) marks in Chd4 conditional knockout mice at P22 (red) was similar to that in control Chd4 loxP/loxP mice at P6 (black).
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The NuRD Complex Programs Synapse Differentiation antibody overnight at 4 C and mixed with protein G beads (GE Healthcare).
The beads were washed with lysis buffer four times, and the immunoprecipitates were subjected to immunoblotting analyses.
Cerebellar Granule Neuron Cultures
Granule neurons were prepared from cerebella of P6 Long Evans rat pups as described (Bilimoria and Bonni, 2008) . High-efficiency transfection of granule neurons (maximum efficiency 80%) for biochemical analyses was achieved using a nucleofection method with the Amaxa electroporation device as described elsewhere (Yamada et al., 2013) .
In Vivo Electroporation and Immunohistochemistry
In vivo electroporation of postnatal rat pups was performed as described ( rat pups or P6 mouse pups, and were then subjected to five electric pulses of 175 mV (rat) or 135 mV (mouse) with 950 ms intervals. Electroporated pups were returned to moms and examined 8 days later following immunohistochemistry analyses. Rat or mouse pups were fixed with 4% PFA and 4% sucrose and labeled with the relevant antibodies. For synapsin, bassoon, or PSD95 antibody, the sections were pretreated with pepsin (Dako) for antigen retrieval. Images of transfected neurons were taken in a blinded manner on an Olympus Fluoview FV1000 confocal microscope and analyzed using the FV10-ASW and SPOT imaging softwares.
Electron Microscopy P22 mice were perfused with 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. Cerebella were collected, postfixed overnight, and washed and stored in 0.1 M cacodylate buffer. The cerebella were then embedded in 4% agar and 0.75 mm sections were cut sagittally on a tissue chopper (McIlwain). The small sections were fixed with 1% osmium tetroxide/1.5% potassium ferrocyanide for 1 hr, washed in water three times, and incubated in 1% aqueous uranyl acetate for 1 hr followed by two washes in water and subsequent dehydration in grades of alcohol (10 min each; 50%, 70%, 90%, 23 10 min 100%). The samples were then incubated with propyleneoxide for 1 hr and infiltrated overnight in a 1:1 mixture of propyleneoxide and TAAB Epon (Marivac Canada). The following day, the samples were embedded in TAAB Epon and polymerized at 60 C for 48 hr. Whole-cell patch-clamp recordings in Purkinje cells were obtained with recording electrodes (1.5-2 MU) filled with intracellular solution containing 130 mM Cs-methanesulfonate, 5 mM CsCl, 10 mM HEPES, 0.5 mM EGTA, 2 mM MgCl 2 , 2 mM Na-ATP, and 0.5 mM Na-GTP. Purkinje neurons were voltage-clamped at À70 mV. For mEPSC recordings, 1 mM tetrodotoxin was added to the bath solution. Data analysis was performed using MiniAnalysis software (Synaptosoft) with an amplitude threshold of 10 pA. mEPSC traces were additionally high-pass filtered at 0.5 Hz and low-pass filtered at 1 kHz. For evoked EPSC and presynaptic volley recordings, the molecular layer was stimulated with a bipolar concentric electrode using brief (0.1 ms) current pulses. Evoked EPSCs were measured using the whole-cell recording electrodes as described above. Extracellular presynaptic volley recordings using 1 MU electrodes filled with 3 M NaCl were made 400 mm away from the site of stimulation (Sabatini and Regehr, 1997) . The fiber volley amplitude was derived from the negative-going phase of the extracellular field potential.
RNA-Seq and qRT-PCR
For RNA-seq, total RNA was extracted from cerebella at P22 mice using Trizol (Invitrogen) according to the manufacturer's instructions. RNA was reversetranscribed with oligo-dT priming and the cDNA was sequenced on an Illumina HiSeq 2000. The raw sequence reads were converted to basecalls, demultiplexed, and aligned to a reference sequence with Tophat v2.0.9 and Bowtie2 v2.1.0. Gene and exon-level abundances were derived with high-throughput sequencing. Gene and exon level differential expression was estimated through pairwise negative binomial tests with EdgeR and DEXSeq, respectively. The Benjamini-Hochberg false discovery rate was calculated for all genes. For qRT-PCR, reverse transcription reactions were performed with Superscript III (Invitrogen) according to the manufacturer's protocol. Realtime PCR reactions were performed using Lightcycler 480 SYBR Green I Master (Roche). In the qRT-PCR and RNA-seq analyses in Figure 3B , we used one common set for qRT-PCR and RNA-seq analyses and two independent sets of samples in each type of analysis.
ChIP-qPCR and ChIP-Seq ChIP-qPCR and ChIP-seq assays were performed with mouse cerebella fixed with 1.1% formaldehyde solution, homogenized, and incubated for 15 min at room temperature. Reactions were stopped by adding glycine solution (final 125 mM glycine). The lysates were further homogenized with lysis buffer (10 mM Tris-HCl, 0.25% Triton X-100, 10 mM EDTA, and 0.5 mM EGTA). After spin down, the supernatant was removed and the nuclear pellet was resuspended with sonication buffer (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA) and sonicated to shear crosslinked DNA. After sonication, SDS was added to the lysate (final 1%) and incubated at room temperature for 1 hr. The lysate was sonicated again to shear DNA until the size of DNA was between 100 and 500 bps. Immunoprecipitation was performed in RIPA buffer (10 mM Tris-HCl [pH 8.0], 140 mM NaCl, 0.1% SDS, 1% Triton-X, 0.1% DOC, 1 mM EDTA, and 0.5 mM EGTA) using the indicated antibodies with protein G sepharose beads (GE Healthcare) as described elsewhere (Yamada et al., 2013) . ChIP-seq was performed using libraries prepared with the Illumina ChIP-seq DNA Sample Prep Kit as per the manufacturer's instructions and sequenced on the Illumina HiSeq 2000 platform (Beijing Genomics Institute). Two biological ChIP-seq replicates and three independent ChIPqPCR replicates were performed in all experiments.
ChIP-Seq Analyses
For each experiment, the ChIP-seq reads were normalized to 10 M reads and subsequently, the number of input reads at each locus was subtracted. To calculate the average profile at promoters, we aligned the 5 0 -most transcription start site (TSS) for each RefSeq expressed gene and calculated the density of reads as a function of the distance to the TSS. We required a minimum RPKM geometric mean density of 0.01 for the three wild-type (WT) replicates for a gene to be considered expressed, and this left us with 13,096 genes. A similar strategy was used for the subset of genes that were categorized as misregulated in the RNA-seq analyses. After a log-transform, the mean and SD of the differentially expressed genes in the WT cerebellum were 1.7 and 0.76, respectively. The 13,096 genes that were used as control had a mean of 2.25 and a SD of 0.99. This suggests that the differentially expressed genes are comparable to the set of all expressed genes. For the subset of misregulated genes, the enrichment of histone modifications was quantified by summing the total number of normalized and input subtracted reads in the [0, 1000] bps region relative to the TSS.
Statistics
Statistical analyses were done using GraphPad Prism 6.0 software. Bar graphs are presented as the mean ± SEM. For experiments in which only two groups were analyzed, the t test was used. Pairwise comparisons within multiple groups were done by analysis of variance (ANOVA) followed by the Fischer's protected least significant difference (PLSD) post hoc test.
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The Gene Expression Omnibus accession number for the ChIP-seq data reported in this paper is GSE57758.
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